1. The effects of added AMP on carbohydrate metabolism were investigated in pigeon-liver homogenates, which can degrade glucose and synthesize it from lactate. Suitable experimental conditions were established for studying such effects, including the addition of P1 (20mM) Apart from being reactants in kinase reactions (hexokinase, glucokinase, phosphofructokinase, phosphoglycerokinase, pyruvate kinase) and in oxidative phosphorylation, adenine 5'-nucleotides are known to affect the activity of at least two key enzymes of hepatic carbohydrate metabolism. Phosphofructokinase is inhibited by ATP and deinhibited by ADP and AMP. Fructose diphosphatase is inhibited by AMP. As these activations and inhibitions are taken to be of importance in the regulation of carbohydrate metabolism (see Krebs, 1964b ) the effects of AMP on pigeon-liver homogenates, which can degrade carbohydrate by glycolysis and oxidation, and resynthesize it from lactate and other precursors, were investigated. Such homogenates form a convenient system for examining further whether the activations and inhibitions found with isolated enzymes may operate in the multi-enzyme system of the liver cells.
1. The effects of added AMP on carbohydrate metabolism were investigated in pigeon-liver homogenates, which can degrade glucose and synthesize it from lactate. Suitable experimental conditions were established for studying such effects, including the addition of P1 (20mM) to stabilize adenine nucleotides and supplementation with NAD+ (0.5mM). 2. Lactate increased the rate of oxygen consumption and kept the concentration of ATP high and that of AMP relatively low. 3. Added AMP (1.25-5mM) raised the net rate of carbohydrate removal and inhibited the net formation of glucose from lactate, as well as the incorporation of lactate into glucose. These effects were accompanied by a fall in the concentrations of hexose 6-phosphates and a rise in those of fructose diphosphate and triose phosphates. When the activity of glyceraldehyde 3-phosphate dehydrogenase was limited experimentally by a low concentration of NAD+ or when it was blocked by iodoacetate, the accumulations of fructose diphosphate and triose phosphates were large and accounted for most of the carbohydrate degraded in the presence of AMP. 4. AMP also inhibited the conversion of pyruvate into phosphoenolpyruvate. Data on the concentrations of pyruvate, phosphoenolpyruvate and intermediates of the tricarboxylic acid cycle, as well as on isotope distribution, suggest that the effect was due to inhibition of phosphoenolpyruvate carboxykinase. 5 . The results indicate that in the homogenates phosphofructokinase and fructose diphosphatase, controlled in their activity by adenine nucleotides and other cell constituents, are enzymes which regulate the direction of carbohydrate metabolism (degradation or synthesis) in the liver. 6. It is suggested that active transport of adenine nucleotides, citrate, Mg2+, Ca2+, Pi and other cell constituents may play a role in regulating the activity of enzymes which are affected by these substances. 7. A procedure is described for generating alkali in a closed manometer vessel, by mixing mercuric oxide and a solution of sodium iodide, for use in a method for measuring the oxygen consumption at physiological bicarbonate concentrations.
Apart from being reactants in kinase reactions (hexokinase, glucokinase, phosphofructokinase, phosphoglycerokinase, pyruvate kinase) and in oxidative phosphorylation, adenine 5'-nucleotides are known to affect the activity of at least two key enzymes of hepatic carbohydrate metabolism. Phosphofructokinase is inhibited by ATP and deinhibited by ADP and AMP. Fructose diphosphatase is inhibited by AMP. As these activations and inhibitions are taken to be of importance in the regulation of carbohydrate metabolism (see Krebs, 1964b ) the effects of AMP on pigeon-liver homogenates, which can degrade carbohydrate by glycolysis and oxidation, and resynthesize it from lactate and other precursors, were investigated.
(5:95). In preparing the CO2 buffer solution according to the specifications of Warburg & Krippahl (1960) and Warburg, Geissler & Lorenz (1962) , it has to be borne in mind that commercial K2CO3 invariably contains bicarbonate and moisture and the KHCO3 invariably contains some carbonate. The stock solutions were therefore analysed by titration by the method of Kolthoff & Sandell (1952) . A 3M-buffer giving approximately a mixture in equilibrium with 4-2% CO2 was obtained by dissolving 22-0g. of . of K2CO3 (both salts from analytical reagents) in a volume of 100 ml. The concentration of bicarbonate should be about 2-28M and that of carbonate 0-72M. The CO2 pressure above a given buffer mixture was measured by a modification of the principle used by Krebs (1930) for determining the CO2 content of gas mixtures. HgO (432 mg.) and crude carbonic anhydrase (25mg.) were placed in the main compartment of conical Warburg flasks of about 25 ml. size fitted with two side arms. Then lml. of 4M-NaI was pipetted into one side arm and Iml. of the buffer into the other immediately before attaching the flask to the manometer. A control vessel contained lml. of 4M-NaCl instead of the buffer and 0-2ml. of 2N-NaOH in the centre well. This measured the small gas-pressure changes (less than 5 mm.) due to changes in vapour pressure. A thermobarometer contained water.
The three manometers were equilibrated briefly at the required temperature. With the taps closed and the level of the meniscus so adjusted as to permit a large increase in gas pressure, the buffer was emptied into the main compartment. This caused a rapid output of CO2. When equilibrium had been established, the NaI solution was tipped into the main compartment, NaOH was generated by the reaction: 2NaI + HgO+ H20 = HgI2 + 2NaOH and the CO2 in the gas space was rapidly and quantitatively absorbed. The negative pressure change, corrected for changes in the controls, was the equilibrim CO2 pressure over the buffer solution. The CO2 buffers are not perfect absorbers of CO2 and a correction factor ('retention') has to be measured (see Warburg, 1925; Krebs, 1951; Warburg et al. 1962) .
To obtain information on the CO2 production of the homogenates another set was incubated in the standard conical Warburg vessels with C02+02 (5:95) in the gas space. These vessels contained 4ml. of homogenate. The gas-pressure changes recorded in these vessels represented the sum of the 02 consumption and the CO2 formation. These samples also served as the material for the analysis of metabolites.
In a few experiments the 02 uptake and CO2 formation were measured by the principle of Warburg & Yabusoe (1924) . A phosphate-buffered saline medium with low bicarbonate concentrations (up to 5mm) was used.
Analytical procedures. The methods for the determination of glucose, 'glycogen' (i.e. glucose set free by enzyme hydrolysis), L-malate, citrate, a-oxoglutarate, L-glutamate and L-lactate were the same as those used by . Fumarate was estimated as malate after the addition of fumarase. Glucose 6-phosphate and ATP were estimated by the method of Lamprecht & Trautschold (1963) , fructose 6-phosphate by the method of Hohorst (1963a) , fructose 1,6-diphosphate and combined triose phosphate by the method of Bucher & Hohorst (1963) , a-glycerophosphate by the method of Hohorst (1963b) and L-aspartate by the method of Pfleiderer (1963) . For the determination of the sum of glutamate and glutamine samples were hydrolysed for 2hr. in 2N-H2SO4. The analogous hydrolysis of asparagine was carried out in N-HCI.
Pyruvate, ADP and AMP were estimated in a combined procedure based on that described by Adam (1963) , but modified to reduce interfering blanks. These were traced to contamination of ATP samples with ADP, and a variable but significant occurrence of AMP in commercial NADH preparations. The former difficulty was overcome by adding ATP (required in the procedure for the adenylatekinase-catalysed conversion of AMP into ADP) after pyruvate and ADP had been determined, and the second by treating solutions of NADH with a bacterial alkaline phosphatase (Worthington Biochemical Corp., Freehold, N.J., U.S.A.), as suggested by Lowry, Passonneau, Hasselberger & Schulz (1964) . The value for ADP obtained includes UDP and GDP, and that for ATP includes ITP. The determination of AMP is specific. Though the quantities of uridine nucleotides in liver tissue are significant in relation to those of adenine nucleotides, this is not the case in dilute homogenates to which large amounts of adenine nucleotides have been added. NAD+ was determined in the neutral extract by the method of Klingenberg (1963 -l-ol-propionic acid-water (47:22:31, by vol.) as solvents. After being dried, the papers were placed on Kodirex X-ray film (Kodak Ltd., London, W.C. 2) for 3 weeks. A further series of 0-4ml. samples were added to 'diazyme' (Takamine; Miles Chemical Co., Clifton, N.J., U.S.A.; 0-2% in O Olm-acetate buffer, pH4.4). These were incubated at 500 for 2 hr. and then heated in a boiling-water bath for 5min. After centrifugation 200Jul. samples of the supernatants were chromatographed. Spots were identified by co-chromatography with glucose. The radioactivity of the glucose spots was determined directly on the paper with an end-window Geiger-Muller tube and a Panax scaler (Panax Equipment Ltd., Redhill, Surrey). Both sides of the paper were counted to a minimum of 10000 counts, corrected for background activity, and the mean was taken to be the number of counts/min. in the spot; differences between the two sides were found to be less than 1%. The amount of glucose in the spots proved to be identical with that in the original extracts before chromatography. The radioactivity of 14CO2 formed was measured as follows. The manometer was connected with rubber tubing to a suction system and the CO2 of the gas phase and medium, including the bicarbonate, was collected (Sakami, 1955) . As described by Pinter, Hamilton & Miller (1963) , 101J. of the alkali was spotted on a small square of glassfibre filter paper (Whatman GF/A; H. Reeve Angel and Co. Ltd., London, E.C. 4) and placed in a glass vial for liquid-scintillation counting. The sample was dried at 1100 for lOmin. and, after cooling, 10ml. of a scintillation solution [700ml. of A.R. toluene, 300ml. of ethanol, 3g. of 2,5-diphenyloxazole and Olg. of 1,4-bis-(5-phenyloxazol-2-yl)benzene] was added. The samples were counted in a liquid-scintillationi counter (Isotope Developments Ltd., Beenham, Reading, Berks.) and the final values corrected for background activity. The radioactivity of the glucose used in this experiment was determined by the same procedure. The radioactivity was not affected by the addition of 2 N-NaOH to the sample on the glass-paper.
RESULTS
General properties of pigeon-liver homogenates Stability of nucleotides. Preliminary experiments indicated that added adenine nucleotides rapidly disappear in pigeon-liver homogenates prepared by the method of . Most of the added nucleotides was lost within 10-20min. at 400, the degradation being mainly due to 5'-AMP deaminase and 5'-nucleotidase (Dresel, 1953 ; see also Haugaard, Inesi & Blanken, 1960; Tiedemann & Born, 1963; Berry, 1965) . Both these enzymes are known to be inhibited by Pi (Kizer, Cox, Lovig & de Estrugo, 1963; Segal & Brenner, 1960) , and, as expected, increasing the Pi concentration in the incubation medium from 4-7 to 20mM greatly diminished the loss of nucleotide, especially in the presence of lactate ( Table 1) . The results shown in Table 1 indicate that the protective effect of lactate at 20mM-P1 is associated with the maintenance of a high concentration of ATP and a low concentration of AMP, the adenine nucleotide most liable to enzymic hydrolysis. Because ofits stabilizing effect, 20mM-P1 was used in most subsequent experiments. Lactate increases the rate of respiration , and the maintenance of the ATP concentration is thus probably due to the greater effective- The data refer to 4ml. of pigeon-liver homogenate prepared and incubated as described in the text. The pigeons were starved for 48hr. Glucose (5mM) was added in all experiments. AMP was added as a 0-1 M solution of the disodium salt from the side arm after 20 min. and incubation was continued for another 20 min. The reaction was stopped by rapid cooling (see the text) and the addition of HC104. 'Preformed' adenine nucleotides refers to the sum of AMP, ADP and ATP found at zero time. Bowen & Kerwin, 1956 ). Thus adenylate kinase maintained the concentrations of the reactants near the equilibrium position. This reflects the high activity of this enzyme in liver (Oliver, 1955) compared with the rate of ATP synthesis and utilization.
Effects of added AMP on homogenates of liver from starved pigeons, in the absence and presence of lactate Effects of the addition of AMP on the formation and disappearance of carbohydrate. Glucose was added (5mM) to the homogenates because, unlike those from well-fed birds, livers from starved pigeons contained insufficient carbohydrate to saturate the capacity of the homogenate to metabolize glucose. Added glucose disappeared on incubation and this was greatly accelerated by AMP (Table 2 , cups 2 and 3). The formation of glycogen did not account for the removal of glucose. The addition of lactate plus glucose gave rise to substantial gluconeogenesis (cup 5), which was completely abolished by AMP (cup 6). In fact, in this experiment more glucose disappeared in the presence than in the absence of lactate.
Similar effects of AMP were observed in over 20 other experiments. Final AMP concentrations of 1-25mM were generally more effective than concentrations of 5mM. At mm-P,, the effect of AMP on glucose disappearance was smaller.
Effects ofAMP on the concentration ofintermediates of carbohydrate metabolism. The addition of AMP caused characteristic changes in the concentrations of intermediary metabolites (Table 3) , which depended on the presence of lactate. When no AMP was added the concentrations of glucose 6-phosphate and fructose 6-phosphate increased on incubation, and these increases were approximately doubled by lactate. The addition of AMP (final concentrations 0-1-2mM) led to a fall in the concentrations ofboth hexose phosphates and abolished the increases found on incubation with lactate.
The most striking changes were those in the concentrations of fructose diphosphate and triose phosphates, which increased more than 100-fold on the addition of AMP in the absence of lactate. There was a relatively small increase without AMP. Lactate abolished these increases and, instead of fructose diphosphate and triose phosphates, large quantities of a-glycerophosphate appeared, especially when AMP was added. 3-0 -5-3 -13-6 -4-3 -12-6 +1-0 +1-0 6-6 8-4 1-8
Vol. 98 723 Table 3 . Effects of AMP on the concentration of intermediates of carbohydrate metabolism in pigeon-liver homogenate (starved bird)
The data refer to the same experiment for which values for glucose and glycogen are given in The accumulation of fructose diphosphate and triose phosphates did not occur in homogenates from starved birds to which no glucose was added; in other words, the presence of glucose or glycogen was a prerequisite of the accumulation. This suggests that the bulk of the three intermediates was derived from carbohydrate rather than from gluconeogenic precursors. Results similar to those in Table 3 were obtained in every experiment where (1) the AMP concentration measured at the end of incubation was 0-1 mm or higher, (2) the concentration of added NAD+ was 0-125mM or less, (3) glucose was added and (4) the concentration of P1 was 5mM or more. Greater amounts of 3-phosphoglycerate, 2-phosphoglycerate, phosphoenolpyruvate and pyruvate were found at the end of the incubation in the presence than in the absence of lactate, but AMP caused a fall in the concentrations of all four intermediates with and without lactate. This fall was greatest for phosphoenolpyruvate and least for pyruvate.
These observations are all in agreement with the assumption that rate-limiting reactions and the factors controlling the rates in the homogenates are the following (only activations and inhibitions relevant to the interpretation of the observations are listed): (1) phosphofructokinase, activated by AMP and ADP Underwood & Newsholme, 1965b) ; (2) (Taketa & Pogell, 1963; Underwood & Newsholme, 1965a) ; (4) Effects of NAD+ concentration in the absence of lactate. Adding 4 times as much NAD+ (0-5mm) to the homogenate as in previous experiments increased the disappearance of carbohydrate on incubation. The addition of AMP (2.5mM) further accelerated the removal (Table 4) . At this higher NAD+ concentration the addition of AMP caused no accumulation of fructose diphosphate and triose phosphates. The observations are accounted for by the rate-limiting function of NAD+ in the triose phosphate-dehydrogenase system (effect 4). At 0-5mM-NAD+ this step no longer blocks the degradation of triose phosphate. Hence, in the absence of lactate, more glucose is broken to the stages of pyruvate and beyond, and this breakdown is greatly enhanced by AMP (effects 1, 2 and 3). This interpretation is confirmed by another experiment in which the yield of 14CO2 from [U-14C]-glucose (2.5mM) was determined during a 30min. incubation after the addition of AMP (2.5mM) in the absence of lactate. AMP caused a 2-5-fold increase in the number of counts in carbon dioxide.
Effect of NAD+ concentration in the presence of lactate. The synthesis of carbohydrate in the presence of lactate was not affected by the addition of NAD+ (0-5mM) (effect 4). A detailed analysis of the effects of AMP in such homogenates to which lactate and [U-14C]glucose were added, and where gluconeogenesis predominated over glycolysis, was made in a further experiment (Table 5 ). The synthesis of carbohydrate that occurred in the absence of AMP was associated with a progressive fall in the specific activity both of glucose and of glucose plus glycogen until, at 90min., it was less than half the starting value. However, only about one-fifth of the total radioactivity was not recovered as glucose or glycogen, which indicates a lower rate of glucose degradation under the test conditions (i.e. in the presence of lactate). In contrast, there was a net disappearance of glucose in the early stages after the addition of AMP, whereas the concentration of AMP, which fell (cup 3) from 2-5 to 0-23mM in 15min., remained high enough to inhibit. When the concentration of AMP dropped further to 0-14mM after 60min., a net synthesis of glucose began. There was no fall in the specific activity of glucose until net synthesis occurred. The data for the radioactivity of glucose plus glycogen were similar to those found for free glucose; hence the fall in specific activity was not due to the formation of glucose from glycogen.
The concentrations of intermediates in these experiments were very similar to those given in Table 3 , describing an experiment where the concentration of added NAD+ was 0-125mM, except that the concentration of fructose diphosphate at no stage rose above O-Ol mm (Table 5) . Adding NAD+ (0-5mM) did not abolish the extra formation of ao-glycerophosphate caused by the addition of AMP in the presence of high concentrations of lactate. The amount of radioactivity in ac-glycerophosphate increased sharply ( The values given refer to the experiment described in -0-185 and -0-192v respectively (Burton, 1957) Effect of AMP on gas exchanges of pigeon-liver homogenate. The addition of glucose alone caused a small increase in the oxygen consumption, and a further rise, under optimum conditions, of about 50% was brought about by AMP (Table 8) . Optimum conditions included the presence of 20mM-P1 and 5mM-bicarbonate or more in the medium: the effect was slight when the concentration of P; was 1 mm, and without bicarbonate there was no stimulation by AMP. Lactate alone also caused a great increase in oxygen uptake (about 100%) and the extra rise due to AMP was only 20-30%. Varying the concentration of added AMP from 1-25 to 5mM made little difference. At 2-5 mM the rise in oxygen uptake was progressive with time (Table 9) ; at 5mM initial stimulation was followed by inhibition when the concentration of Pi was 5 mm, and in the latter case extensive losses of adenine nucleotides occurred during the incubation. The inhibition was probably due to an effect of ammonia set free from AMP (see Recknagel & Potter, 1951; Berry, 1964) . The respiratory quotient was 0-85 under standard conditions (Table 8 , Expt. 1) and the addition of AMP did not change this value despite the large increases in the consumption of both oxygen and carbohydrate.
In homogenates containing very small initial quantities of carbohydrate and to which no glucose Table 8 . Effects of AMP on gas exchange in pigeon-liver homogenate (starved bird) In each experiment, 4ml. of homogenate was incubated for 45min.; full details of procedure are given in the Methods and Materials section. The Pi concentration was 20 mM. Experiments were carried out with and without AMP (5mM in Expt. 1 and 2-5mM in the others), which was added from a side arm at 15min. CO2 buffers were used in Expt. 1 and the method of Warburg & Yabusoe (1924) in Expts. 2-5. The gas measurements refer to the periods 1545min. The tissue dry wt. varied from 70 to 80mg. Expt. 1 is the same as that described in Tables  2 and 3 Table 9 . Time-course of AMP effect on oxygen uptake by pigeon-liver homogenate
Conditions were as described in Table 8 and Expt. 1 corresponds to Expt. 1 of that Effects of AMP on the formation and degradation of carbohydrate. In homogenates of liver from wellfed pigeons, AMP caused an increase in the rate of disappearance of total carbohydrate, mainly glucose (Table 10 ). When lactate was added, some gluconeogenesis occurred, but as described by the rate was low. When AMP and lactate were added together no net synthesis of carbohydrate occurred but much carbohydrate disappeared. The absolute effect of AMP when corrected for the control without AMP was about the same without lactate (cups 2 and 3: 10-3 ,tmoles) and with lactate (cups 5 and 6: ll-l lmoles).
Effects of AMP on the concentration of intermediates. The effects of AMP on the concentrations of intermediates were similar to those found in homogenates from starved pigeons (Table 11) . When NAD+ was added at 0-5mM, fructose diphosphate and triose phosphates did not accumulate. Iodoacetate at 0-25mM (in the absence of lactate) and NAD+ added at 0-5mM (Table 12 ) prevented the The values refer to the experiment described in removal of total carbohydrate during incubation (although breakdown of glycogen to glucose occurred), and the concentrations of intermediates did not increase significantly. When AMP was added, however, a large amount of carbohydrate disappeared: this could be accounted for quantitatively as fructose diphosphate and triose phosphates. This confirmns the conclusions reached above that the primary effects of AMP were on phosphofructokinase and fructose diphosphatase (effects 1 and 2).
Effects of 2,4-dinitrophenol. Experiments with dinitrophenol were carried out to ascertain whether interference with the maintenance ofATP synthesis would simulate the effects of AMP addition in a specific way. The ATP concentration fell slightly at 0 05mM-dinitrophenol, and by about 60% at 0 I mM-dinitrophenol (Table 13 ). There were corresponding rises in the concentrations of AMP and ADP. These changes of the adenine nucleotides were paralleled by a fall in carbohydrate synthesis. Though there was no accumulation of fructose diphosphate or triose phosphates, the concentration of glucose 6-phosphate was decreased and that of a-glycerophosphate increased. It is thus feasible that the effects of dinitrophenol on carbohydrate metabolism were due to the rise in the concentration of AMP.
Effects of the addition of ADP and ATP. The addition of ADP or ATP caused changes similar to those obtained with AMP. This may be expected, owing to the ready interconversion of the adenine nucleotides. No evidence was obtained to indicate that ATP has specific effects, except that, in homogenates of well-fed bird livers with high initial glycogen content, high concentrations (5mM) of 730 W. GEVERS AND H. A. KREBS 1966 
CARBOHYDRATE METABOLISM IN LIVER HOMOGENATES
ATP caused rapid glycogenolysis with increases in free glucose and glucose 6-phosphate; this was possibly due to activation ofglycogen phosphorylase by 3',5'-(cyclic)-AMP formed from ATP.
DISCUSSION
Control of phosphofructokina8e and fructose diphosphatase by adenine nucleotides. The results obtained with pigeon-liver homogenates (especially the stimulation of glucose synthesis by AMP, and the evidence indicating that points of action of AMP are phosphofructokinase and fructose diphosphatase) support the concept that the reactions catalysed by phosphofructokinase and fructose diphosphatase are among those which limit the rate of glycolysis and gluconeogenesis respectively, and that the concentrations of intracellular modifiers, in particular AMP and ATP, regulate the activity of these enzymes. The fact that AMP at low concentrations (0.2mM) is a powerful inhibitor of fructose diphosphatase, as well as a powerful activator of phosphofructokinase, suggests that AMP is in the present system the most important single modifier among the various cell constituents which can influence the activities of the two enzymes, though ADP has similar effects on phosphofructokinase, the quantitative significance of which cannot yet be assessed. The concentration of AMP is a particularly apt 'signal' for regulating glycolysis and gluconeogenesis, as an energyyielding and an energy-consuming process, because it is directly linked to the energy status of the cell, i.e. the concentration of ATP. The concentrations of AMP and ATP are governed by the equilibrium constant K= [AMP] [ATP]/[ADP]2 of the adenylate-kinase reaction. As the activity of this enzyme is sufficiently high to maintain the concentrations of the three reactants near equilibrium, a fall in the concentration of ATP will cause a rise in the concentration of AMP, and this, by activating phosphofructokinase, will increase the rate of ATP synthesis. On the other hand, if the adenine nucleotides of the cell are present predominantly as ATP, the AMP concentration will be low, phosphofructokinase blocked and the pathway of gluconeogenesis open.
The kinetics of the AMP effect on phosphofructokinase are very intricate because they depend not only on the concentration of AMP but also on those of Mg2+ and of ATP (see Table 14 ) and, as the concentrations of cell constituents may differ from compartment to compartment within tissue homogenates, it is not possible to predict the degree of inhibition of activation from information on the overall concentration of AMP alone. The kinetics of the AMP inhibition of fructose diphosphatase appear to be less involved, though they depend on the concentration of Mg2+ (Table 14) as expected because of the formation of chelates between AMP and Mg2+. Rather lower concentrations of AMP (below O-lmM) are needed for an almost complete inhibition of fructose diphosphatase than for the activation of phosphofructokinase (above 0-1 mM). These characteristics, according to available data, bear on the co-ordinated control of the two enzymes: at very low concentrations of AMP when fructose diphosphatase is active phosphofructokinase is inactive, being inhibited by ATP; as the concentration of AMP rises fructose diphosphatase becomes The values illustrate that inhibitions depend on the presence of various substances in the medium. They are selected from data of Underwood & Newsholme (1965a,b) , obtained with partially purified rat-liver enzymes. The substrate for fructose diphosphatase was fructose diphosphate and that for phosphofructokinase glucose 6-phosphate, phosphohexose isomerase being present. It is emphasized that the values indicate only the order of magnitude of the effects involved; there are complicating factors, such as the effects of enzyme dilution, that make precise statements on inhibitions difficult. (Underwood & Newsholme, 1965b) . In fact phosphofructokinase was not inactivated. This indicates that certain quantitative characteristics of the enzyme change on purification and dilution, as suggested by the observations of Underwood & Newsholme (1965b) , or, more likely, that the concentration of ATP at the site of the enzyme was substantially below the average concentration in the homogenate. Two factors could be responsible for this. One is the uneven distribution of adenine nucleotides between the mitochondria and the cytoplasm or medium (see Frunder, Blume, Thielmann & Bornig, 1961; Loiselle & Denstedt, 1964) , which causes the ATP concentration in the mitochondria to be substantially higher than in the soluble phase. The second factor is chelation of ATP with Mg2+ and Ca2 .
It follows from these considerations that the movement of adenine nucleotides into and out of the mitochondria and other organelles could be a major factor in the regulation of metabolic processes. This is also true for other solutes that can be actively accumulated by mitochondria and that can affect the activity of pace-maker enzymes. Active transport into the mitochondria has been shown, for example, for Ca2+ (see Ernster & Lee, 1964; Drahota, Carafoli, Rossi, Gamble & Lehninger, 1965; Chance, 1965) , Mg2+ (Carafoli, Rossi & Lehninger, 1964) , Pi (Greenawalt, Rossi & Lehninger, 1964; Vasington & Greenawalt, 1964) , citrate (Schneider, Striebich & Hogeboom, 1956; and ATP and ADP . ATP, ADP, P1 and citrate, apart from being reactants in various processes, regulate, as mentioned above, the activity of phosphofructokinase; Ca2+ inhibits pyruvate kinase and pyruvate carboxylase, and Mg2+ activates these enzymes.
Though much attention has been paid to the mechanism of the active transport of these solutes into the mitochondria, the physiological significance of these energy-consuming movements Fructose diphosphatase as a rate-limiting step in gluconeogenes8i. Exton & Park (1965) (Krebs, Bennett, de Gasquet, Gascoyne & Yoshida, 1963) . Exton & Park (1965) thought that their conclusion was confirmed by the observation that fructose can give rise to glucose at a faster rate than lactate. This was based on the assumption that fructose would enter the gluconeogenic pathway solely at the stage of triose phosphate, an assumption that has recently been shown to be incorrect at the high fructose concentrations (20mM) used by Exton & Park (Di Pietro, 1964) . The view that fructose diphosphatase can limit the rate of gluconeogenesis under certain conditions is not invalidated by the conclusion that it is not always a rate-limiting factor. Role of phosphate acceptor in the control of glucose degradation in liver. It is well established that the concentration of ADP can regulate the rate of the aerobic degradation of substrates generally and this raises the question whether the stimulating effect of adenine nucleotides is, at least in part, due to the formation of ADP and its role as phosphate acceptor. It is possible that this was a component in stimulating the conversion of glucose into pyruvate in the pigeon-liver homogenates, but the following facts show that in this system the main stimulating effects of the adenine nucleotides were those on phosphofructokinase: (1) The stimulation of glucose degradation to pyruvate caused by AMP in the presence of adequate concentrations of NAD+ was accompanied by a rise in the concentrations of fructose diphosphate and triose phosphates, and by a fall in those of 3-phosphoglycerate and hexose 6-phosphates (Tables 3, 4 and 11) . (2) The increase in the rate of glucose removal when AMP was added was the same when sufficient NAD+ was present to saturate the triose phosphate-dehydrogenase system and when the rate of this step was limited by lack of NAD+ or by iodoacetate. In the first case, there were small increases in the concentrations of fructose diphosphate and triose phosphates; in the second, the large accumulation of these intermediates accounted quantitatively for the carbohydrate removed (see Tables 3, 4 and 12) . Wenner, Dunn & Weinhouse (1953) noted that the addition of phosphate acceptor did not affect the rate of formation of 14CO2 from [14C]glucose in rat-liver homogenates while NAD+ (2mM), as in the present experiments, was an obligatory requirement for optimum rates of oxidation. Tiedemann & Born (1963) , who studied the effects of adenine nucleotides on the glycolysis of homogenates from ascites-tumour cells, found that phosphate acceptors did not limit the rates and that adenine nucleotides had effects similar to those found with pigeon-liver homogenates. The similarity, of course, is restricted to the control of glucose degradation, as gluconeogenesis does not occur in ascites cells.
Note on the historical developments in the study of the regulatory properties of phosphofructokinase and fructose diphosphatase. A special role of phosphofructokinase in the regulation of glycolysis was first suggested by Cori (1942) on the basis of the observation that, under certain conditions, hexose monophosphate accumulated in muscle while the concentration of fructose diphosphate remained low and no lactate was formed. Cori (1942) concluded that 'this indicates that the reaction between fructose 6-phosphate and ATP . .. is a limiting factor as regards the rate at which lactic acid is formed and carbohydrate is oxidized '. Engelhardt & Sakov (1943) suggested that the activity of phosphofructokinase might be varied by reversible oxidations and reductions. The modern development of ideas about the mechanisms of modifying the activity of the enzyme began with the discovery by Lardy & Parks (1956) that the enzyme is inhibited by ATP, and their comment 'that this may help explain the lack of hexose diphosphate accumulation in stimulated muscle discussed by Cori'. The next stage was the discovery of Mansour & Mansour (1962) that the enzyme is activated by 3',5'-(cyclic)-AMP, followed soon by the work of Passonneau & Lowry (1962a,b) showing that the inhibition by ATP is overcome by fructose 6-phosphate, fructose diphosphate and Pi, and that AMP and ADP activate the enzyme to some extent irrespective of the ATP concentration. Shortly afterwards Parmeggiani & Bowman (1963 ), Garland, Randle & Newsholme (1963 and Passonneau & Lowry (1963) , almost simultaneously, reported the inhibition of phosphofructokinase by citrate.
The observations referred to were made on phosphofructokinase preparations obtained from a variety of different tissues. The enzyme from different sources of different origin seems to be susceptible to modifiers in the same way although there are quantitative differences. This applies to mammalian brain , striated muscle (Passonneau & Lowry, 1962a,b) , cardiac muscle (Mansour, 1963 (Mansour, , 1965 and liver Underwood & Newsholme, 1965 b), yeast (Ramaiah, Hathaway & Atkinson, 1964; Salas, Viiiuela, Salas & Sols, 1965) , liver fluke (Mansour & Mansour, 1962) and Escherichia coli (Atkinson & Walton, 1965) .
The concept that fructose diphosphatase plays a role in the synthesis of glycogen from lactate seems to have been expressed first by Lardy (1949) . It was referred to by Olson (1951) and by Pogell & McGilvery (1952) and elaborated by Krebs (1954) . The inhibition of fructose diphosphatase by higher concentrations of fructose diphosphate was found independently by Weber (1964) and Krebs ( , 1964a . The inhibition of fructose diphosphatase by AMP was simultaneously reported by J. S. Williams, D. E. Wilson & M. F. Utter (personal communication), Taketa & Pogell (1963) and 
